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ABSTRACT

Resrpiratory heat exchanCe has been measured by determinations of

temrperature, humidity and mass flow of inspired and expired airs. The

rantges of inspired temperatures and. humidities were 80 to 180*F and

0.15 to 1.2 in. HF vapor pressure resp. Five nor.,eal young men served as

subjects in el exeriments.

Specific enthalpy difference between inspired and exrired airs

proved to be the most fundarer.tal heat quantity: (a} as judged by

satisfactory predictive relationships which are. independent of rate.

and volume of respiration, (b) as estnblished by satisfa6tory thee.-

retical -accountings. for.the heat and mass transfer process. By setting

specific enthalpy difference equal to zero it was ftuad that inspired

and expired wet bulb temperature.s atjreed very closely. -This permits

the interpretation that adiabatic sersible.and lat ent, hea~t •e4x,5cnges,

between inspired and expired air, take place, at constant total heat.

Predictive equations have been developed for specific enthalpy

difference (Btu /lb), as follows:

Al 0.191 ti + 810 wi - 48.37; SE*,t = + 2.01

-A H 0.G105 t 2 -0.8Z3 t., -15.81; M. S- 1.59

where'

ti temperature of inspired air (F)"

. t, u wet bulb tempersture of- inspired air (OF)

Wi humidity of inspired air- (lb/Ib)

The temperature, humidity and enthalpy propertýes of expired air

are described mathematically and Graphically. Discussion of these re-

sults -with other invest igat ions in the literature; where comparison is

justified, reveals satisfactory agreement when states of unsaturation

of the expired air are considered.
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I N TR CDU CT I GN

In the course of~ studies or. hur.an exposur~es to air tem,,erav.res

rarging up to 240*F (11.5.-0-1 ar~d hum~idities ranginE. uP to -4 in. I

(z6--rimn viYp-res 6suretd ssi.Uity bf int 6 rbT ieatinr36"

the respiratory passaE~es or longs as a liimitinC- factor iad'continunusly,

been entertained. Actually undter.the conOit~ions of the experinenms' this-

fear was rnot re3lized, and all sympton's specifically referable to the-

respirator-y tract proved to bn rnidd -and witnout important effbet upow,

the duration of the exrerinent. It became cl ear that,, like sweamtlevapo-

ration in its .effect upon the skin, the evaporative cooling. secha-nisrr-

of the respiratory tract nas great capacity to absorb sensible heatt.

through humidification.

A few preliminary measurements made in lý4 8z showed 'that, ambient"*

air at z220F typically took the following temperature 60drset

Measurem'ent Oral Breathing Nasal Breathirxt

Inhalation: At portal of nose
or mouth, 1900F 1
1.5 in. within
nose or mouth, 135OF UO0F.

-- Exhalation: 1.5 in. within .___________

no'se or mouth, 104*FlOF
At portal of
nose or mouth, 110OF 114*F;

These results clearly show ti-e rapid reduction. in temperature eywn: wLtfL

shor4~ traverse within the respiratory tract: and, In pairt,: explatm wby

temperatures iow the tract did not become a. limit ing factoor in taba-ýie

* for extreme heat. It became evident that closer and more aoapIetae StiXUIL

of the total biothermal process was necessary for fullei unde standfag,'

and the present series was planned to incorporate humidities and'Ri-r

volumies, as well as temperatures. ~ith ruch data both' beat-,and mass

balances can te calculated and the rationale of the terperatur*e-- curve

AF-Th C023 IV
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more thorou~hly elucidated.

fuerof rarets :on resbiirntot'y temperaturtes, .humid4ties and
e a t exrake, have a~nearcd ir. the literature. Tney vary in tkme te-r.-

Ferature an.- nurnioitý cr.s-jes ecnsi.uered, the method;s used, and in the
rntrtcr o: va"isaizt mceasurefrent. Burcht present_- the nest corn.-
plate series on *rneutrl t~!'eriir exouen. Lwyand Gerhartz -7

and Ifliederear and covee:'d cold and "'neutrnl" -zones, while

£eely~ xplred-~ irro -&~t~?t--ta2&I. -In :!,ay of the- papers
4 cr4 rorts-l-to-;ortal measurer-ents were taken, bu-t Eeeley drew re-

spired a~ir sa-- ±e-s also tror. tw4o sites in the nacoo:harynx, and Christie
and U~rs utilied hzFc iete arr-ples an- otler alterations in
th rezpitcr-ry '~c`..nn oz to~-*% teneruc arind ndt conditxc.r-s

int~ ee azgc nilz' '~ur nyinvclve heatirnr stresses

............... ...t.-irt c:nz --e r'. terr7erature levels
at :!c-;cr, r- '~s~ tr. r's' rry tr-'rt -

- ~ o *rj:r t z t h . i:otat or xir to deterrine the temrterature,
huric: i ty ~r.iUtont itife incj 'rt' and. cxtire~d airs in order
to deter: -Anfl(, r65! irptory neat tXCIchareC under high temrpcratur-es and

a ran-e o~f l.uridities, and ILI to obtain data fromir wich. extrapolat ions

may serve to, ftrlc~atf- tne crvieac~l terpe ra tutres which exceed bujrane

tolerance.
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.. Ce t Cý Thwc~ckiey and 1 ayloc# -u.sed in heat tolerance
exei-c.ts tcieth.-er w.-ith its temperature and huridity control served to

-ne ccrtrlc,11 .4 ~hre' for the nsi- e air of th6 subjects.

~~~~~n is-ui.~h:r'~rtre and humidity controls: wet and

~r ~t~'cc-r lew ro-r~t reter tf ive a cbeck an the tempera-

:I.; !ýYster. cocse of: (1) r..outhriece; (L) therrocoupIes to mea-

mure air t:orý,rature n the r.Iouthpiece. (at rortal of mouath); ('71 -freeze-.

n"It~ Coils tc, oc-1'ieth vaTror; and (1respiratcry j~asorneterý, c~irilar cir-

cuits we're f£uri:r.ied for .expired and inspired air, the. latter beine

pled frnT. the insi-ireAi Pirway. The equipmrent is .schem~atized in Fig. 1.~

The noout-T1ece was ,7ade by cererntinE tw'o Collins sirele channel
r~outh-.ix-c tn&'ether. These were chosen beeause they had a large opening,
hen~ce a low rez:iztrince. '!he tx~binE- used co~.nec~t-te. valve set to the'

ccndernzine c'liw of f'l#xible riastic. so ohn~er- to avoid the absorption

of r.oi,-tiur'.

Thý reC-z-irnctry the-rsoccnr1e equifrzert., de.%igned to. nable accurate

re;'.su-s-ert of the r-ipidly fluctuaitine temperatures of the air atreazr.,
eonizt! -1' s'-11 .Laiancini, electronic Potcntiometer &givirt, an, ink re-

corI of t; ;,,;o;1 tcrrreratu.-es on a direc;-writing Oscillograph. The

o~pnecf thiyn unilt is flat up to several cyles, pzr necond. It draws

r~ct1cily- -ctrentfro_--thr- thermocouples-,a-nd- is-w-uaftec-ted- by- line--
vo~t, . ct;~tori. 'he *inst.uI7ent Ws used in ccmjtmcction withI fine

Lu~-eL-t z,..mcc.,urles corl;tructrd f rm nwl"bar 4G. gauee roppezr and
con.!tint;-n wir'ý.* 2'!Jre courles were :found to follow air teiwperstures very

Tetiru1:,te-tiv of, tlcdar.-! intid r te. aue r.ti e~

V.JUbof' at 1cnE-t ten readirf~r, flve, ta),en durine tte first. half of the,

AF-7? U-'3
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test and five in the last half. As a check, a terperatwure rec-ord was
ket fr he*"tie ur~tc*.If on,! ex-terirnent, and the averq~e ofal

readdine- I'vr: The average, obtaftwd by~ the
~r~ rrot~ i.: .. i~ ty-ical .to nerature tracir.eC and the

:'~Iin~t~*:.~rt~:~Ž ~.~ct:' 1 '. rit-vv tem~perature measurementss-are

rrc'1-a-.Jy the 1initi::. factor ir; th~e accu.-acy of' t~e derived quantities,

cu-,as h~eat echzn-~e.

:Rble I E-ives an. exarnrle fromr exp. i..-4

TAbLF: 1. C'A:..LEI T E,;FE A TURF DYA Tt

lpx:-, 1 ro Expired

Firr't half Last half' Fi rst alf' Last half

94.5 9~

9i4.8_-

2 le.#. e 11r.4 94.a- iM-D

12.494.8 97.0

fl7z 117.C 94.8' 167.0,

~--f~~''~coic']'l. r rraoe of L67t in. dimneter PX Mrr.-lass

turf. bit n-, i -rr- ft'.rr.ed into four-turn siri~rnls 5..-!5n.. diaaieteri. asuf'-

ficiernfly lioýA to j--.!¶rit vsciChinf, on a X2. (;rar.analytical-balni.cre

Fir water va40r collectio'n the coils wnre irz'eraed ýin a me'vthnoi-L-ry

ice bath, the Vrc'erature of' whicn was approximately Minus .1,X2a. la

ojper~ition it was f.ound that no liquid was form~ed; the watei r olix di-

rectly f'rcrm. the vap'or p.hase to the Pido v phasei/forinla snvow. This siiow

* arw COc11'cte'i ini tt-c Coils by a copr,-r w~ire screen witir vary±xv& hole
nij- -thait the rnow was trteppe.4 gradually and p1Ii~eigm parevented.

1.ý!jpiratrry volumre3 wee ~etermined by a positive- displacement
r-.taL~Cd1irn tIrmtr n e corre~cted tn standard temperature and

concieured as8 satrsed errrevol xi test ont the percent saturation of

tficcolectd ai sapleC-Av anavegevalue of` K2, -extremnes being-

- C and IjVý. The s~rrr whicn this m'akes in the Masatred volume Is well

AF-Th (W~3 -
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below one percent and was neglected.

Cal ibrat ions

The terperature .ar'd volum~e mreasurinE equipment had. previously been

calibrated so that it wais only necessary in this series of exjeriments to

run the following daily check. The thermocouple aitpli fier was set with

reference to a precision potentiom-eter, and theD ~tfeix-coupies in the
mouthpiece, when in a steady state, were checked agalinst the~mocourlez

connected directly into the potentiometer. A calibration factor was thus

found and applied for the experiment.

Since thc packine in the hturidity coils was determined by trial and

error the collect ion- system had to be calibrated. The -,,oaedure-was essen-

ti a.ly that used by Llurch.'! ikany. prelimidnary tests %ere run! hut. thre final

checks consisted'of two calibr~tion series.

Series A had as its object tb show that ithe first of trio ao-ils placed

in series collected all but a trace of wcter from the,' airt pazssine throu~jh
the system. All the air ifor these test.- was takenlftroM. the same location

in the plenum~ chamber as was eventually, used to brinc- inerired. air to the

su~bjects. The dew point calculated from the water'col6ected in the firSt

coil was also checlked a~a inst the dew point as cvnby trie. dew. point

meter (considered accurate to.±10?). The air spro.pes msed to calibrate the

coils wvere chosen to represent the rossiblc extrormcs of conditions w~hich

would be encountered duri'r.~ actual tests. The. rercults are sbhowa in Trabli !I,.

The olbject of calibration series b wa's to show that a: known amoun t

.of water could be recovered by a sin(le coil. Three coils- were- used in

this test: Coil A, *a saturatintg.coil. containine packing~ thorci%:hly. wet

with distilled wtiter; -Coil B, a con.densing coil in series with satura-

t ion coil A; oi C, a 7 _ihY~~FB to deter-

mine the water content of thu air enterint coil A.

*Thus:

* ~eiLht rain C +~e~irht loss A a - ?eigit gafii B

It was concluded that the resultent low errors (Tables II and III)

justified the'use of these coils for the determination of' the. water con-
tent of inspired and expired aiir.

AF-TR e023 5



TABLE iI. HULJIDITY CALIBRATJ.ON A

Control setting Dew loint (*F-)-- " ..... Coil-No. 2

°- in. 14e observed calculated weight Cain o wt. gain*

20C- 1.18 .. 87 87.6 -G.OO1 -0.01

200 - 1.18 84 8.37 +0.0003 +0.04.

2QC - 1.18 82 81.3 +O OC5!- +I.19

120 - 1.18 C1 79.5 +0a C-02C +C.38

120 - 0.79 W0 77.9 +0.C016 +0.27

Room Air 48 4S.7 +.. Col0 +0.41

- .. . * 11 ... .!.35-over-... -. . 1029&-. . +. 06 -- +0; 01

115 - 1.85 over 98 1W..1 " +OO +C.G1

"Percent weight &air. (.eiht rain coil 10o. 2) 0'io
({,eie.ht train coil ?,o. 1)

TA'L" 1I. 1,.:JDITY CALIRATIOi, B

Z.eight gain T'ei ht loss Total .. ei-ht cain Percent error*

0.1024 0.5479 n C.C5C3 C. s559 +G. p.

0.0975 C..5(81 o. Cre5 0.f 7CC +0. 6

0.2687 0.8618 1. 1C5 i. in..0 .-C.42

0.271C 0.9378 1. ,09C7 1.: e8 -G.09

[E- (c + A)]
*Percent error - IC0 C +-A

- AF-TR 6023 6
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SECTION II - SUBJECTS AND FXPFRfIEKTAL PLAN

Subjects

T. The five suject, were wale, white adul+s working in the, Engneering

Department of the University o' California-at Los Aneeles. They were be-.

tween the ares of 22 an! *0. Their respiratory patterns differed, consid-

erably, although this was .Lot considered in ;heir choice.,

TABLE IV., DATA ON SUBJECTS

Subjects Are Ie i.ht ' eight Eody Area' :ymboI

(in.) (iibs) ýsq. ft.)

F. R. H. H, 71:.(•: 150 £C. +

V".V. F. 2 8 ?f. C W4 OO

.L.D. (ir7.5 1 19.C 1'0

G.L.T. P 8 7C.5 1C . ..

Experimental. Routine

The niGht precedingan experiment the coils were.washed Pnid dried in

a hot a-i f-•-aim. In the rror.ine; after all routine checks had. been rade on -

the equipment, the coils were wciý-hed. After the .subjec. hadb rested for ..

minutes to insure a standard resting state the inspired ar- c Irrtris w*re

checked and the test was run. f'ch test was contiaued until approximately

10 liters of air had been respired. The coils were'then dried oan the out-

side by wiping and left to star.d in a rack in tLe room air. .Mt-ter about an

hour and a half the coils were rereatedly welhed until a constar.-t value

.. _�--,was obtained.

AF-TR 602-3
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Sof Conditions

TABLE V. RANGE OF INSPIRED AIR TEST CONDITIONS

Air Tex.pereture Vapor Pressare
( ) (0c) (in. HI) (mm Hg)

Poom Air 21-24 Range = 0.17-0.21 4.0-5.

120 49 ;.39, 0.79, 1.18 10, 2C, 30

iEO 71 0.39, 0.79, 1.18 -10, 20, 30

200 9. -C.-9, C. 79, 1.18 10, -20, 30

The room air samples served to establish a norm and checks against •>
previously published daLa. The other conditions were chosen, within the
limits of the testinCl equiIfent, to'sa rle a range of temperature and
humidity of irspired air. it zhould be noted that the low humidity
'(0.39 in. 6L) environrents wore not under wet bulb control; rather..the
air at ambient humidity wae razsed through a silica ýeil drier with no

vapor added. ihatever witt,'r content of the air occurred under these
circumstances was deterrined as the test was run.

*peeial Conditions of' 1xreriments.

It shculd be pointed out that the conditions of these experiments

depart in some respects from usual conditions of total. exposure.

(I) Subjects were in a standard resting state, not basal- tney sat

quietly for a period of at least 20 minutes before the test.

(2) Body temperature, though not measured,, was assumed to remain

unaltered since the subject-was nornally clothed and in a

comfortable. environment.

(3) The snort time of exposure, approximately five minutes, mini-

mized the tendency to heat up the respiratory tract.

(4) Portal-to-portal measurements were the subject of consideration,

so that all experimental arrangements were designed to give ac-
cur~atA temperatures, humidities and air volumes at that point.

(5) Oral breathin&: was routine, with the nose closed off by a claap.

AF-TR 6023 6
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SECTION III - HELIDITY ALD E,:THALPY CALCULA'iIOLS;

The following postulates are apgropriate to the probleri at hand:

.. -() Respized air is a perfect ias..

(2) The water added by the respiratory tract to the respired air

was at standard body terperatuire (98.6 0 F)..

(3) The volumes of inspired and expired air are the sare.

Regarding point (L) the.followine calculation was made. Best and

TaylorI give an average respiratory quotient of G.65 for adults on a

normal diet, and an *irspired-exoiredchanCe in the CC. con0e _of ,.

proxirately four percent of tk'.e total volume. Respi.ratrry, quotient is

defined as the ratio of the volure of CO,2 eliminated t3 the volume of

02 absorbed. Consequently, the net volume change f.-a inspired, to ex-

pired air would be (1 - C. 65) (4 / 100) O.€;,C• After considerine the mag-

nitude of this error it was decided the difference could be neglected.

The BE system of units was used, except 'in certain key charts and

tables, and when comparing our results with previous publications. Lost

of the term.s of. the, total body heat exchange have been found to have a

high correlaition with body surface area, so it has been the practice to

refer-the heat exchante of tbe- respiratory tract to unit body' surface

area per unit time. However, rost of the respiratery heat' and. water ex-

change, it will be shown, have mere regular relations w-ith the unit mass

of air respired than with the mass or volume rates, or surface area.

Consequently, moisture content and enthalpies have. been referred to one
pound of dry air. This is. also the cust.m in engineeringcalculations

of heat and mass transfer in air-vapor systems, to which the present

problem is analogous in many of its aspects..

Table VI presents the calculation equatioens and notation. The sign

convention for oq, and At', ii soch that (N) means a heat gain to the body

and C-) is a heat loss.

AF-Th 6C239
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TABLE VI. CALCULATION EQUATIONS AND NOTATION.

Mass of respired air: MG.= [(P- p,) V 144]/R T (W)

Humidity: W = M, /M (2)

Specific enthalpy, inspired air:

= .24 (t~ - b) + .~w1 (ti'- tb) + 98.8~ 3

Specific enthally, expired air:

ho .24 (to tb) + .444 W, (to tb) + L 98. WS (4)

Specific enthalpy difference: AH h - h* (5)

Percent rel.- humidity: 10 - Op/pS (6)

Percent sit'uration: a 100 W /WS (7)

P, p, PSI barometric Pressure; partial.pressure; partial press-
ure, saturated,: of water vapor (lb/ in 2 }

MG, MW V mass of dry air, mass of water vapor (Ib)

W, WS, AU W humidity, humidity at saturation, humidity difference,

(lb vapor /lb"dry air)

V - vollm of respired'air (ft 3 )

T, ti, top tb a absolute, inspired, expired, body temperatures (F)

0L. - latent heat of vaporization at 98.6*F (Btu/lb)

h,, he " inspired, expired enthalpies (Btu/lb)

S R gas constant for air = 53.35

qq respiratory heat exch•nge (Btu /hr ft 2 )

e - time (hr)

A*- body surface area (ft 2 )

AP-TR 6023 10
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, .CT'IOO.' IV - :EISULTS

All bpsic dtn ant the1 1rir.ciral quartities derived by caleulaticn

are river. in the *..endix. -Levlrioui iour;e!8£i ti-st-zr'i- which. .......

Jaior ccnclusionxs are .rmwrn, are trese!te.! -ral.hically or in the fon. of

matheratic.l equat ons. I rly,ý7is hi Leern directed toward the fol-

Iowing points: (i) respiratory ontral. y diffeferehce as a.function of in-

stired air rrcerties; .L) cxr. ir.•i. air properties at a function of in-

spired air properties; . con;:ri•cn of respiratory with total body

tolerance contours; ard (4). the -,.ffects of respirator-' rate an& volume

upon the heat and m,;ass cu:,ntitieF.

SCcific •.nthali.y . .if. ..r.nce

Preliminary plots of.tne dat-i indicatel that-, K, wass the keat ex-

change raraireter which would offer hig:hest correlatiohs with inspired

quantities. It was also clear thIat both temperature and hunidity affec-

ted Ai and accordinhly multiplc retrssion solutions were carried

through for each subject, oy the rethod outlined-by leters and Van

Voorhis.i The multiple relression, cbtained by the r'etbod of least

squares, is of the form

X a + by,. Y + b-.y L

where,

X * dependent variable

a - irtercept value

" Y, Z inderendent variables

by.#, b,.y Y i.artinl regreesion, coerficiepts

The correlations proved ro hi-h and closely siimilar that values. for the

total data were also computed..T-ble VII elves the stat'stical values

and regression equations, while the fit of the total equation is indi-

.• cated by Fig. 4.
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TABLF VII. STAT'TIVSTICAL FUM•IARY: AH REGRFSSIGN

Variables:

6 = 1, srecific enthalpy difference (5tu/Ib)

y = terperature of. inspired air (*F)

Z = hunidity of-insliredair (lb/lb)

Correlat ions:

,.r-..... •V .... J.". ,. L.D. G.L.T. - Total

zero order

rx .99 . X7 EZC' .798 .6C7 .851

..&i C14 .792 t . 31 .X14 .820

rI • ....... . i .Z .431

mult iple

c,, R x y ). •7 • L_-' .975 .999 .997 .9 99

*e,.re3s ion eouqttions:

". .A - . .' + C. 119 ti + 75 .
.V.\ -4E.• .17 7. + I

.Ai. - -4.C9 + C. 1 t• + 74Z W"

L.E. A1 . - 46.95 + (,lIU ts + 877 Tj

G.L.T. Al 4.Z7 + C.194 t 4 + 93,5 ',

The t'tal regression equation is:

AI 1 C.191 t• + CI. V.( - 48.57 ; Y*$ ± 2.01

Since interindividual variations proved so small in relation to the de-
cree of interrelationship of other variables, and since tthe number of

eCases, five, was too s3ll for a th.oronut-hoir4W analysis cf individual ...

differences, it was decided at this point to rool the data in all sub-.
sequient treatrcnts. Gra;'I.ic Itreentation. of all inerortant fits, with

/

PF-k f4...... .....'. 1.......'. .14

-..... .. .. . .--.7 "



the individual subjects derotel by zyrncol will enable the: reader to

judee the validity of this. ;.rocc~urt_ -T. the case c. the re~ression for

A E, Yip-. ' showis th~at indivic~ual r2.ot? fnll ckos'e4 about tne Tire of'

relationshir.. Those for X..tnnA tn Le hieh, those fcr .. t~rr~&

to be low, but the cther three sut.jf-cts -do not sh'ow¶ si~nificant. dif-

ferences.

Fie. 3 disrlays the reCression lin'er on a te-zerature khimidity plot.

The mrst'irrortant fihdifie'here is that the total reir6!s!iOln lines' agree

in slope closely with wet `ult .iines. '1`his is a s1i,-ni'ic:n.rt emp~irical

finding, but m~ore irr.portant it discloses a 1.'Žal -ard !rars trans~r process

fully arnaloE~ous to a wet tull. ~cc~n!,a lea~st scuares fit, waPs iraCte

between wet Lulb oP the `nssire-z ;:ir arna '1. -, ~tted poimts ar.!
line of relatoichs1A.p--a-re jive-. ir. I"L Te rrei~v c~ins

L, r. this. c:.art are. aisc. !r-cv- T:f¾. Iv2 t ~ atr ilnr's .;.-.i - of;.

these in~dices ýft.:s e '1ec ±othLc ..

teter-ern t,,re, hur ieit:, -- rcernt v-itum~tion r ;nd 'n rf xsr*:.r

eq~uatiorns ~rvr cor:Tute~d, i': ,:c . ir; fa.' T i ~rcc'nt zirt rsa.

derived :fror. the, tbrrerijturp and tur illity thc cni~torrrs vr,5'

eye fite trawxn wmith a french curve.

>argcl~ ar a r,,ttoer or cr-nvenience, tr.f' relati~r~s betweem, theee

vParlatlcs, f~xcc'rt rercymt E-turr.t inn, fm ir~vpired wct Lulth av be-en
comr~ruted, asswrint, th~e tcqunt ms armrecor~d detree.rra]'s.1h e-

-von ar iver. in T,-ble I.Y. 1he. curves ~erud*r r.7

!Jc)r~ Jr-itcryr Vlt?'me. :)rd ',)t c ;As rctionr. of Inspire~d -et hulb-

'ince' the. tePrx-erature, ?rrIsr 'ird bent rropertiern of the respiratory

exr1.ann e .correlnte closeiy Yvlt: 1nprlread wet bulb, an adequat- test df

the rcf-siL~e uffectonf-v1AU:TC ar. rate-should b~hi.clto~wt
-_wet Luib. '.cror1ir.(_ly, rlot:4 wcre fl1 )tJ r rhown in V-.t aria. FL4o ý. It

in Arperent f'row. these riots that no btinificant relations. exist.. Rather,

47



each subject tends to maintain a characteristic level of rate and
volure independent of insfired -wet bulb. Subject L.D. showed highest
rates and volures throughout. nT his first experiment the vlun.e was

C. 67 ft"/'r• . liters /min) and the rate, 23. These excessive
values declined to a.ottt nine liters and rate of 16 for the duration

of the series, as he became accustomred to the respiratory equirrent.

The individual average rates and volumes are shown in Table X.

TABLE VIII. C-LATISTICAL SUI.XARY: EXPIRED AIR REGRESSIONS

Variables: Y temrerature 6f irisrire-ai, (0r1

Z huridity cf insrired air (lb / Ib)

S.....: .... -." endent variahlbl ....... - zero order-------..... multiple

}: rx•, ~~rxz z ().,

X 0 to C.94 b 2 U. 5Z9 0.431 C. 5
x = .' (lb /lb) -C:'. -" " ,7

• C. 141f C. 47'1 G. 7

tu •} ('uIt) W.74 C•. 75t. 0. 4Z1 C.315

ato 1f:.9 + o.Cfe t• + 57.4 M, t• 1. G

Ar. C.G2Cr4.5 + 0.00C~C3E6 -i 0.798 Vi 1763t wO .WlSC

I's 24.51 3.C5357 tZ + 227 M:Ost ICr

TABLE IX. WIFT BULB EMUATIONS FOR FXPIirED AIR

t * 8Z3.F + 0.1 ,9 t, + O.0C0C8 t2

S, 0. 0.21f,6 + 0.0C0126 t-,-* 0. OC0000 to .. . .

-H* 25.58 - 0.01373 tw * 0.001514 t%

AI"-TP 60,23 16

- -~ .. i....W



TABEL X. RlESPIRATIORY VOLIES -RATrS AD %T~ AS SES

sujcs Resp. Volum~e (on"i) Liass dry air Resf. rate

E. R. H. 0.184 C.21 5.9

.V. B. C.204 5. 76 C.98& 7.1

0.6. - 4o79 -- 911-2

L.D.C.3f9 1C.45 1.9 9.5

G.'L. T. c F .74 1.53z. c

Averaee 0.Z3 z 6.59 1.Zb5 11.5

AT-TR 602.1 17



N- 0
o 0

-J -J

Fz 5
CD Ix f

00

CDC
L dL

4--

00

00

Iii
co

w

07 
0

CMC

AF-TR-SM'S 1



zo

4b4

0

000

0000

(i.) 'UV a3bildSNI JO 3W1VMdW3L

AF-TR-6025 19



A~Iv ea 91/ l.L) uJtv Q3tidX3 X~ Ad1VI{LN 3
00 in0

0

40

V ow

in,.

w
0 CY -

MI'l,~~~ _____._ WUV~lfl.

AF-TR-6M -



a 0'

a. .

C~*

(NWSI3W8,3V AOIId31*

Ar-TRSM 2



CL.

o 0

0 toCl
(NIW~~~~~~ ...nIA Hi~dS3 ~

4-TRG 20

77i



od

a or

00 0 ir

(VI AN SIIS)NOV03dX JO dV.a

%Of



SECTION V - DISCUSSION

Effect of Temperature and Humidity upon the Expired Air

It is clear from Fig. E that both temperature and humidity of the

expired air are affected by the temperature and humidity of inspired

air. All investieatorsl,?,-', 3 afree cn the temperature relation; ex-

cent Corlettee who assusmes a constant temrperature-of 330'C.for expired

air. The humidity o- expired air, on the other hand, is stated by

several authors 1 t'6 ' 4 t besaturated reeardless, of other. onditions.

The best evidence, however, is otherwise"'"' 1 I and our data clearly

show that unsaturation is the rule. Fer,'ýert saturation of expired. air -----...

is a direct function of inspired air humid1ity and an inverse function

of inspired air temperature. Eumidity of the expired air is seen from

Fig. 6 to be closely related to hmiwdity of inspired.air but is only

moderate-ly affectea by inspired air temperature. The partial derend-

ence of temperature and huzridity of the expired air upon the corre-

rponding quantities in the inspired air is further corroborated by the

correlations with wet bulb temperiture, Fig. 7.

The basis for the influence of inspired air-co.position upon the.

cxpired air i• largely to be fcu;r.z it reciprocal exchanges of heat and

.water between the respiratu,'y tract and the respired air stream during

the inspiration and expiration phases. These effe.tsare oest-llustra •------.

ted in the diagrairs of Seeley1 ! which show that even in the short tra-

verse from nasopharynx to portal the expired air terperature rises if

the preceding inhaled air was hot. Conversely tne, temperature falls if

the inhaled air was cold. The simplest and probaoly entirely adequate-

explanation for these effects is that heat given to or extracted from

the respiratory tract during inhalation is correspondingly' extracted

from or given to the exhaled air.

In regard to humidity changes, the surprising &a.'t is that conden-

sation apparently does not play an important role. Relative humidities

(or percent saturations) of expired air in the present experiments were,

except for two experiments, always lesas than 1002 and typically were in

th&-range 80-'90%. 8eeley1 1 generally obtained like results. He found

AF-TR 6 02324
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that, at a room temperature of 7C0 F, the inspired humidities always rose

to over 9C% in the position uid-way between portal and nasopharynx on

inhalation, but at the same point on exhalation were reduced in relative

humidity to about 6c4. This is aprroxi.ately accounted for by the higher

temperature obtaining at this position during exhalation if no absolute

_humiditychange occurre'd. Seeley further found that if the inspired air

was cold, it was also relatively cool on expiration, but the expired

relative humidity was in the range & -s9 re6?dless of the relative

humidity of inspired air.

Lung Temperature and Eumidity

Lack of saturation of the exl:ired air in the. outer pa.ssages and at

the portal raises the question of the state of lung temperature and satu-

ration. ho lung temperature data for humans are known to the authors but

Walther, Bishop and o.arrenlz report a lung temperature of z6..7*C in the

calf and Loewy and Gerhartz' found 3r.CPC for rabbits and: 3e..2.0C for

dogs. Saturation at such temperatures would givesa vapor pressure of

about 45 rn ifg as was fcoun.d by Christie and Loomis. 5 The evidence there-

fore is that lung air must be nearly saturated, -probably . or higher.

Since the lung temperatures are, under usual conditions of inhaled air,

the highest in the respiratory tract;. the explanation for the partial

unsaturation of the exp.ire.d air must be sought in other processes such

as adsorpticn on the rucous surfaces of the tract. In spite of the above

estimates of lung temperature and those of various- sites in the respira-

tory tract, the temperature at which water is added has been taken at

the standard figure of 90.f F (Z?.( C) for the thermodynamic calculations.

Specific Enthalpy and Specific Enthalpyifferen•

A good correlation is found between the enthalpies of inspired and

expired air, as shown in Fig. IC. .Fven higher. correlation is found when

inspired enthelpy is plotted against. specific enthaIpy difference. This

is largely the result of the greater .range of the laiter, since the re-

sidual variations about the lines of relationship are of simi1a iragni-

tude. These correlations, those with humidity and temperature, Fig-. 4,
and those with wet bulb, Fig. 5, permit the straightforward- interpreta-

tion that the respiratory tract exchanges sensible and latent- heat in

the same manner as a radiation shielded wet. bulb-,thermometer. The evi-

dence for this statement is as follows:

(1) From Fig. 3 it is noted that the empirical regression lines at

AF-TR 6023 25
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AH = 0 scatter closely about the wet bulb-line. Since ideal,

or thermodynamic, wet bulb is an adiabatic process, these com-

parisons can be made only at AH = 0.

(2) From Fig. 5 at AH - 0 the ins'Ared.wet bulb is 95.5*F. With

this value we can enter Fig. 7 and read:'tbe predicted humidity

and temperature of-the expiý--ed -air, 0.0366 lb/lb and 99.4-*F

rasp. By reference to a psychrometric chart this gives a wet

"bulb of 96 0F. This checks closely with the -wet bulb of the in-.

spired air of 95.5 0 F. Therefore, sensible and latent heat ex-

changes take place at relatively constant wet bulb and total

heat.

(3) There are minor divergencies from ideal wet bulb behavior.

Water is added in the tract at a temperature higher than wet

bulb. The expired air does not proceed to saturation; in the

above instance it is 87%. however, the extent of these dis-

crepancies is small in comparison to the extent of agreement.

Respiratory Heat Exchange

It is tvident from the plots in Fig. 8 and Fig. 9 that no. signifi-

cant relationship exists in the data as a whole or for any individual

subject. Over the range of the inspired wet bulbs concerned, each sub-

ject tended to maintain his characteristic. rate and volume .of breathing.

Other workers -have found different results. Pfliederer and Less 1 0 report

that. heat exchange varies as the 3.5 root of respiratory volume; Burch3

found a high correlation between volume and heat exchange when different

subjects are considered; but Loewy and Gerhartz7 obtained inconsistent

results with regard to-this variable. Such studies, however,. involved

total Immersion of the subject or animal in the environment of inspired

air and humidity; while in the present study the respiratory tract only

was exposed to these conditions. Consequently, the overall body thermal

state was relatively unaffected and significant thermal stimulus to

respiration was lacking. ...

The respiratory heat exchange may be calculated from the equations:

( - M/A& ) (-46.37 + 0o.191 t + 810 W,]

or

- (MIa 1 e) [- m.81 # o0o.00 t.2 - 0.oM3 t-.]

tA-TR 60W3 2
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The grand average of M - 0.0570 lb /hr ft2 for the present series may be

used, or for a specific case where respiratory volume or mass is known,

q, can be calculated with use of the bracketed tems.

Comparison to Previous Work

Room temperature experiments in the present seri.es-may be compared

with those of Burch 3 , both environments averaging around 7G0 F. Table X:

presents the comparison, expressed in the units employed by Burch.

TABLE XI. COMPARISON OF ROOM'TEXPERATURE DATA

WITH THOSE OF BURCH

Burch UCLA

Room air temperature (0C) 20- 21 21-24

Room relative humidity (5) e-£o 20-40

Expired air temperature (0C) 33.2

Expired relative humidity (6) 8,2. 88.2

Respiratory volume (liters /m 2 10 min) ZZ9 41.1

Wtater loss (gm/rm2 10 min) 8C.8 1.21

Heat exchange (kg-cal /m 2 10 min) C.62.7 0.828

The agreement is remarkable as regards-expired.-air temperature and

humidity, but only fair for water lose and heat excbange. U.. part, the

latter can be explained by the lower room humidity in the present ex-

periments, which, it has been shown, increases the water loss er.z there-

fore the latent heat. In the above comparison, -the beat, aesociated with

the excretion_.ofrCO2,_- aa _computed by_,Burch,-.haa .been--omitted,.. in -order

to restrict consideration to the sensible and latent heat exchanges which

are the subject of present study.

SMore general formulations have been presented by .Btnetr4, as taken

from the data of Pfliederer and Less 1 0 . He gives for expired air,

to -32 + OO378 A4, (C)

and for respiratory heat exchange,

t 0.312 V (•* At), (cal/mia)

/ AP-TR 023
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where, the new terms are,

A•, A* s equivalent temperatures*. of inspired and expired

airs, derived from the equation:

A to 2 ps (st 'to)

and all temperatures are in degrees C. By appropriate conversions the

curves of these equation. can be compared with those of the present data.

04 Fie. 7 the. plotted expired'air curve of Biittner'agrees approximately

ata wet bulb of 5C0 F but diverges so that at 860 a 20 difference exists

between the curves. We have no explanation for this discrepancy, and no

further check is possible, since neither E.ttner nor Pfliederer and Less

present the basic data.

Converting the second Bilttner-equation to, AH as a function of wet

bulb, by utilizing the average respired air mass and surface area charac-

teristics of the present experiments and subjects, a curve was obtained.

which could be plotted on Fig. 5. One notes that it everywhere falls be-

low the curve 6f our data. BEttner, however, following Pfliederer and

Less, asserts that the expired air is always saturated. Recalculation of

A from the value based on saturation to that actually found in our ex-

periments gives a corrected Bfttner curve which much more closely agrees

with that for the present data. The Buttner equation may. therefore be

said to yield similar results, when corrected for the erroneous assump-

tion of saturated expired air.

Subjective Perorts

It has been noted that in another series of heat exposures up to

240*F there were found to be no critical sensations of heat or burning

referred to the respiratory tract. The same may generally be said for

the present experiments. Those experiments which were calculated to give

a heat gain to the respiratory_.tract; namely 2CGOF and 1.la8 in.Hg,...

a caused three of the five subjects to report that the inspired air "set

the teeth on edge". The comments on the other 160*F experiments were

that the air was "warm" or "dry", and 120OF air was not .ensed as dif-

ferent from room air.

* The equivalent temperature, A, is that commonly defined in meteorolog-
ical literature as the "adiabatic equivalent temperature" which the air
would have if totally dry and at the same pressure.

AF-TR 6023 33
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Comparative Thermal Equivalence Lines

The lines of A H on Fig. 3. may~be considered thermal e~quivalence

contours f~or the respiratory tract, and from the close parallelism tuo

wet bulb lines~the latter may also be said to-defin~etherma-l equivalence

con~tour.-. The surprising capacity to cool high- temperature- air through

humilif icat ion can best be expressed by a comparison. At 185OF and

.01t lb./ lb the A H is zero, and therefore no--net. beat load. is imposed

upon the respiratory tract. Under the same conditions- the: overall body

net heat exchange is strongly unbalanced in favor of a gai=. Thus, the

gain from radiation1, convection and. metabolism would, approximate. 3700

Btu /hr, the loss due to evaporation from the skin. would, not be gri-ater

than 3CC-C Btu / hr. Consequently heat accumulation: occurs--at. the -rate of- -

700'Btu/ hr and the body temperature rise would be of'lthe 'order of

5- 60 F per hour. Actually, the average subject. tolerates sucbýan exposure
.only 40 minutes. 2 Thermal equivalence lines for the total bo4, based

-upon a physiloiogi-cah iidx 1  na- n-the e-ffectiviýtemipeýratu~ie' scale adre -

plotted comparatively with' AH on Fig. 3. The. slopes illustrate what is

now well known, that total body heat balance does not obey, the heat and

mass transfer laws of the wet bulb, but as clearlyr shown. here, the res-

piratory heat balance does so very closely.

AF-TE 6023 29



SECTION VI - SUMMARY AND CONCLUSIONS

i. Specific enthalpy difference between inspired and expired airs

proved to be the most fundamental heat quantity:

(a) as judged by satisfactory predictive relationships which are

independent of rate and volume of respiration;

(b) as established by eatisfactory theoretical accountings for

the heat and mass 'transfer process.

2. By setting specific enthalpy difference equal to zero it was found

that inspired'and expired wet bulb temperaties agreed very closely.

This permits the interpretation that adiabat-• sensible and latent heat

exchanges between inspired qrd expired air take place at constant

total heat.

3. Predictive equations have been developed as follows:

AH 0.191 ti + 810 Wi - 48.37; SEst t- 2.01

AH 0.0.105 t-2 0.833 t- 15.81 M; o s#t t ± 1.59

4. The temperature, humidity and enthalpy properties of expired air

are described mathematically and graphically.

5. Discussion of these results with other investigations in the liter&-

ture, where comparison is Justified, reveals satisfactory agreement when

states of unsaturation of the expired air are considered.

* 4

I

a log
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•AFT•ENDIX :

TABLES OF BASIC DATA AND PRINCIPAL CALCULATED QUANTITIES

Guide to Tables

Column: Datum:

A ExperimentNumber

B Expired Humidity (lb/lb. dry air)

C Inspired Hlumidity (1b / lb dry air)

D Water Added by .. ezcpiratory Tract.llb/lb dry air)

E Expired Percent Saturation

F Inspired P'ercent 'aturation

G Expired X:ntha•iy (re'--rred to 38.6*°F)

H Inspired Enthalpy (r-_t'cerrcd to 98.6 0 F)

I Flpecific Enthalp, Li ff.krence (Btu / lb dry airy

J Temerature and "x:c.%r lressure Setting (0 FJ, anid (in. Hg)

K Environment Temperature and Vapor Pressure. (F)pi (in. Ig)

L Atmospheric Pres.ýure (in. Hg)

M Duration of Test (min)'

N Resp~iratory Rate (breaths/min)

0 'Respir'atory Volume (ft 3 /mi.n)

P Temperature of Expired Air (OF).

Q Wet Bulb Temperature of Inspiied Air (OF)"
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APPENDIX

SUBJECT E.R.H.

A B C D E F G H I

H-1 0.02830 0.00440 0.02390 88.88 29.55 27.37 -2.74 -30.11

H-2 0.02920 0.00440 0.02480 89.02 29.77 28.W, -2.79 -31.32

H-3 0.03277 0.00979 0.02298 94.22 41.19 32.64 6.11 -26.53
H-4 0.03160 0. 00908 0.02252 92.07, .38.46 31.42 5.33 -:26.09
H-5 0.03341 0.00473 0.02868 94.81 6.07 33.37 9.80 -23.57

H-6 0.03571 0.01488 0.02083 94.67 20.02 36.36 .20.06 -16.31

H-7 0.03791 0.02681 0.01110. .98.57 29.68 38.83 34.11 - 4.72

...H8 0.03337- 0.00414 0.02923 -85.92 1.44. 34.65 18.95 -15.70

H-9 0.03737 0.01724 0.02013 94.06 7.19 38.40 31.59 " 6.81
H-40 0.03876 0.02685 0.01191 87.16 8.26 40,83 43.99 - 3.16

H-i1 0.03916 0.02573 0.01343 -90.04 8.57 4i,.08 42.25 + L.17
H-12 0.03553 0.00823 0.02730 :.92.96 L;25 36.17 28.45 - 7.72

H-13 0.03767 0.02020 0.01747 90.05 1.92 39.24 43.61- ÷ 4.37

H-14 0.03935 0.022.96 P.01639 -.93.14 3.45 41.08 44.32 + 3.24

A I K L . N .0 P Q

H-I Room Air 68.4-0.21 29.80: 5.72 7.3 0.178 90.8 51.8

H-2 Room Air 68.2-0.21- 29.80 5.45 7.9 0.187 91.7 51.6.

H-3 Room Air 82.0-0.47 29.70 5.60 6.3 0.1.74 93.5 65.6

H-4 Focm Air 81.8-0.43 29.70 4.13 6.8 0.240 93.1 64.7

H-5 120-0.39 118.8-0.35 29.73 5.90 5.3 0.168 93.9 70.2

H-6 120-0.79 117.3ý- 0. 70 29.63 5.40 .5.4 0.185 96.0 81.5

H-7 120-1.18 123.5-1.24 29.70: 6.68 5.7 0.151 96.6 92.;8
H-8 160-0.39 159.2-0.31 29.73 5.30 6.0 0.192 96.9 80.6
H-9 160-0.79 153.9-0.82 29.72 5.25 5.9 0.195 97.6 91.1

H-10 160-1.18 162.6- 1.24 29.80 4.44 6.5 0.237 101.1 99.2
H-11 160-1.18 160.4-1.19 29.72 5.73 5.4 0.183 100.4 98.4

.-12 200-0.39 180.3-0.39 29. 3 5.35 5.2 0.195 96.4 88.5

H-1•-200--O:'79 189.5-0.94 29.72 7.10 4.7 0.145 99.2 99.1

H-1. 200-1.18 180.5-1.07 29.73 7.38 4.2 0.144 99.5 99.6

/
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APPENDIX

SUBJECT W.V.B.

A B C D E F G H I

B-I 0.02905 0.00349 0.02556 87.71 21.87, 28.45 -3.19 . -31.64
B-2 0.02977 0.000364 0.02613 .88.42 22-24 29.46 -2.86 -32.32
B-3 0.03333 0.01100 0. 02233 100.00 35-11 32.61 9.39 -23.22
B-4 0.03456 0.01096 0. O.360 100.000 34'98 34.16 9.35 -24-.81
B-5 0.03461 0.00467 0.02994 94.77 5.68 35.0? 2 10.16 -24.91
B-6 0.03541 0.01664 0. 01877 94.78 21.36 35.97 22.27 -13.70
B-? 0.03658 0.02460 0.01198 95.41 30.01 37.001. 31.00 - 6.00
B-8 0.03601 0.01403 0.02198 89.78 -5.33 37.13 28.84 " 8.29
B-9 0.03902 0.02089. 0--.01 .8.13... 98.l..21 7.7.8.. 40.'24. 36.28 - 3.9.6
B-10 0.03768 0.02613 0.01155 85.27 a45 39.54 42-.90 + 3.36
B-11 0.04035 0.02780 0.01255 96.46 10.35 42.18 43.64 + 1.46
B-12 0.03848 0. 01148 0.02700 9108 .1,16 40.09 ,.93 - 6.16
B-13 0.03859 0 01971 0.01888 88.45 2.24 40.29 42..25 * 1.96
B-14 0.03954 0.02788 0.01166 90.92 3.16 41.38 51.08 + 9.70

A .3 K L N 0 P Q

.. .. B-i Roca Air 7 "0.4-0.17. 29.78 5.90 6.4 0.176 92.0 51.o
B-2 Room Air 71.1 - 0.17 29.78 5.52 6.7 0.192 92,5 51.6
B-3 Room Air 90.3-0.52 29.66 4.95 7.9 0*1929 92.0 69.9

B-4 Room Air 90.3- 0.52 29.66 5.40 8.3 0.177 93.0 69.8
B-5 120-0.39 120.5-0.35 29.66: 4.55 I8.4 t.%= 95.0 70.7
B-6 120-0.79 118.8- 0. 78 29.71 4.19 6.7 0.Z54 95.7 83.4
B-7 120 - 1.18 120.41-1.14 29.71 4.77 6.1 0.22 96.5 90.6
B-8 160-0.39 156.6-0.66 29.66 5.08 L6.3 & . 97.9 89.0
B-9 160-0.79 157.2-0.97 29.66 5.00 '7.0 O.,1§2 97.6 94.5
B-10 160-1.18 161.3-1.20 29.80 4.46 6.7 0.237' 100.9 98.7
B-3-1 160-1.18 157.2-1.28 29.66 4.82 7.5 0.205 99.2 99.1
B-12 200-0.39 188.4- 0.54 29.65 4.95 6.9 0.212 99.5 93.5
B-13 200-0.79 186.2-0.92 29.65 5.40 7.2 0.12' 100.5 98.2
B-14 200-1.18 186.3-1.28 29.63 5.40 6.7 0.199 100.4 103.4

AF-TR 6023 M
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A "i

M- 1 .. C)297 .02.C .A. C. C:.•, e, G C.c .. . -;?. C 1,"

bi-4 c. . L. I L, 17 2-1 1 .. . ... .. ..
•M-15 0. O02,& CC, . ('ýý'77E ( :(I ''.'i., ., :-. - .•' 9 4 " "rM,-- : {- ý.T 7: C. cLC t ,3  C. :C '.L Z •. " .

C.A 7C C'

M- . 160-0., . 3% , . 0.9 .,,Z 7,'2 5.40C 11.1" C." 6 4 1. 4

M 7 - -0. 79 1 ,t . .4- ,. 2 29."2 5.25 11.. G.1c .-e c 9. 8

M- ifo-1 s 171-149.•. .... -2 9.8- G.1,9C 9.1 I" O 6

M-9 200,-0.39 ,197. 3 - C., 11 9. C- 7 6.30 11.1 0',153 96.5 -86.9
M-10 200-0.79 194.1-0.93 29.75 6.75 11.0 0.139 100.8 loc.c
U-11 200-1.18 193.6-1.17 29.75 5.44 12.5 0.184 100.1 102.8

/ AF-TR 6023
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APPENDIX

SUBJECT L.D.

A B -C .. - - E.. .G. i_ . I

D-I 0.02$41 0. 00Z378 0.0a463 88.07 25.06 27.60 -3.28 -30.88

D-2 0. 02852 0.00381 C. 02471 88.11 24.23 27.74. -2.96 -30.68

D-3 0.03058 0. 00214 0.02844 84.55 2. 84 3C. 72 6.82 -23.91

D-4 0.03233 0.01545 O. Cf-68 91.46 19.89 32.37 21.00 -11.37

D-5 0.03501 0. 0,630 0.00871 91.31 33.55 35.80: 32.44 - 3.36

D-6 0.03260 0.00173 0. 030C7 78.18 0.56 33.90. 16.90 -17.00

D-7 0.03490 C.01596 G. 01892 83.97 4.49 36.27. 33.02 " 3.25

D-8 0.03522 0.02500 0.-1iL2 80.72 7.37 37.00ý 42.32 + 5.32

D-9 0.03436 0.00175 0.63261 78.75 0.12 36.05 25.00 -11.05

D-10 0.03530 0.C1 CC .0.C1928 82.50 1.18 36.91 40.11 * 3.20

D-11 0. C3644 C. Cf,517 C. C1127 82.20. 1.54 38.Z 5 50.64 +11.99

A L K L U N P Q

D-I Room Air' 68.8-0.]8 29.8C. 1.54 23.4 0.t 77 91.2 50.8

D-2 Room Air 70.0-0.18 29.80- 2i-30 G22i6 f -0.455 91.3 51.4

D-3 120-0.39 117.7-0.10 c9.87 2.98 19.1 0.340 94.7 66.4

-D-4- 120-0.79 118.7-0.72 29.82 3.72 18.3 0-287 94.0 82.2

D-5 120-1.18 119.0.- 1.14 29.82 3.85 1M.4 0.254 96.5 91.9

D-6 160-0.39 161.3-0.08 29.86 3.06 18.6 0.340 99.1 78.1

D-7 160 - 0. 79 165.1-0.75 29.79 3.41 14.7 0M293 99.0 92.0

D-8 160-1.18 163.8-1.16 29.79 2.74. 2.5 0.361 100,!k 98.3

D-9> 200 - 0. Z9 194.9-0.08 29.86 2.82 21.3 0.375 100.5 85.8

D-10 200-0.79 193.6-0.75 29.82 2.96 19.3 0.340' 99.9 97.1

1D-11 200!- 1.18 196.2-1.17 29.82 3.10 19.0 0.33a 101.0 103.2

AI-TR 6023 .7
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'APPENDIX

SUBSECT G. L. T.

A B C D. K G

T1 0.1028051 0.00374 0..02431: p7.79 .25.64 2690 -3.56 -30.46
T-2 0.02899 0. 00386 0.02513 89.99 26.36 27.99. -&.41 ý-31.40
T-3 0.03082 0014 0. 02868 87. 19 2..99 &081 642 -24 .?CQ

T-4 0.03301 0.01511 0.01790 94.61 21.11 32.98 20.00. -42.~

T-5 .0-03443 :0.02661 0. 00782 93.66 34.05 34.86 .32.73, -2 ..13
T 6. 0.03181 0.00164 '0. 030.17 75.79 0.ý56 32.15 16.45 !-150.70,
T-7 .0.03147 0.01529 0.011 752.Z.- 4.44 32.77 .32.:06'- 0.'71
T-8 0.03310 0.0239.5 0.'009 15 6.36 7.7 34.74. 40.60 + 5. 86
T-9 6 .03403 .0.00179 0. 03224 74.5 0U.1 36.09 25.36- -10.73 -

V-10 :0.03378 0.0157f .0.01802 +77.42 '0.83 34.79 40.94 *6.15
T-1 003579 04.02554 0.12 12 15 77 102 :413.25

A J i NP

T-1' Room'Air .67.8 -0.18 29&.80 3.70 13.2 0.286 90.;9 50.2.
T-2 Room, Air 6-7.9-0.19, 298341 3.9. 0.261 91.2 50.5
T-3 120-0.39 16.00.'10' 29.87 4.321.0 -0.222 -- 4.--e~-

T-4 12-M-0. 79 116. 1 - 0.7 29i. 8 5.67 11.1 0.189 936.6 81.3
~- o~i~e i89 -1-:3. -29 82 4.1.5 14.5 .0.242 956.2 9.

T-66 160-0.39 159.8-0.068 2.9.86 4.34 14. 1 0.233 'M~3 77.4
T-7 160-0.79 184.2-0.72 29. 79- 4.75 14'.7 0.214 99.2 91.3
T-6 160 -1. 18 1X61.4. *1.11 29.79 4-52 .1&9 0-.221 100.3 97.1
T-9 200O- 0. 39 198.2- 0. 09 2.9.6 4.80 12.8 0.231 101.9 86.0

*T-1.0 200-0.79 .198.1-0.74 '29.82 4.05 15.1_0.249ý 100.5 97.4
*T-11. 200-1.18 196.1-1.18 29.82. 4.02: 134 0.270 100.8s 10.303

- - ---- - --


